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{Cascades Canada Inc., Recherche et Développement, 471 Marie-Victorin Boul., Kingsey Falls, Que., Canada J0A 1B0

(Received August 2005; in final form November 2005)

PM3 Semi-empirical molecular orbital calculations on the interaction of water and gallic acid (GA) show the hydrophilic part
of the solute (GA) to form strong directional bonds to 5 H2O molecules. To form a monolayer around GA, containing
trigalloyl glucose both hydrophilic and hydrophobic regions, requires about 43 H2O molecules. PM3, MM and MD
calculations on complexes between the hexamer of poly(ethylene oxide) (PEO)6 and cofactor containing trigalloyl glucose
(TGG) show that (PEO)6/TGG complexes do not form in aqueous solution, which agrees with the experimental results in pure
water, in the absence of salt, obtained with PEO and corilagin, a very similar molecule.

It is possible that a (PEO) conformers, with the oxygens outside, are favoured in aqueous solution, because the H2O
molecules can more easily hydrogen bond with the PEO ether oxygens.

A distinct change in the rate of change of the relative total energy per H2O molecule occurs at 10 H2O molecules: beyond
10 H2O molecules a slow varying plateau is observed to and beyond 120 H2O molecules. This is critical when calculating the
enthalpy of association of a solvated molecular complex.

Keywords: Molecular simulation; Poly(ethylene oxide); Cofactor; Complex; Solvation

1. Introduction

The formation of a complex between poly(ethylene oxide)

(PEO) and a cofactor has been considered necessary to

flocculate cellulose fibres, fines and fillers, and to aid

retention and drainage in papermaking. The high

flocculation efficiency was assigned to several mechan-

isms [1–7]. Cofactors and PEO/cofactor interactions in

the gas phase were studied using PM3 semiempirical

molecular orbital theory [8,9], and molecular mechanics

(MM) [10,11]; as yet there is no theoretical study of the

solvated PEO/cofactor systems, which would be more

relevant to pulp and paper applications. Therefore,

solvation of the PEO/cofactor complexes is considered.

Two models are commonly used to describe solvation: (i)

the implicit model [12,13], which uses a bulk dielectric

constant to reproduce the effect of the solvent on the solute

and (ii) the explicit model [14,15], which takes into

account the properties of each solvent molecule. The study

of direct interactions between the hydrophilic part of

a molecule and H2O molecules, requires the solvent to be

represented with an explicit solvent model [14,15]. The

explicit model ensures that the electronic exchange

between the solute and each water molecule is calculated

explicitly [15,16].

Entropy plays a dominant role in nonbonding

interactions and its change accompanying complex

formation is always negative [17]. When two polymers

associate their respective conformations will change.

Enthalpy and entropy changes also reflect the changes in

the interaction of polymer segments, with themselves, and

with solvent molecules [18]. The hydration entropies of

neutral solutes have been shown to be proportional to the

solute surface area [19–21]. The potential energy scans

(PES) of flexible PEO/cofactor complexes show a large

number of enthalpically similar conformations with

similar entropy changes. When the PEO/cofactor complex

is solvated, a very complicated 3D search is required,

giving many close enthalpy minima. The number of

enthalpy minima increases rapidly with the complex size,
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and the number of H2O molecules, giving different

entropy contributions.

Different types of valence bond theory interactions are

possible in PEO/cofactor complexes: (i) Any X–H· · ·A

interaction is called a “hydrogen bond”, if (a) it constitutes

a local bond and (b) X–H acts as proton donor to A [22].

Hydrogen bonds are inherently directional, with linear or

close to linear geometries favoured energetically over bent

ones [23]; (ii) In contrast, van der Waals interactions are

isotropic with interaction energies independent of the

binding angle [23].

The concept of the H-bond has been extended to

CH· · ·Y bonding [17,23,24]. Theoretical calculations for

weakly polarized C–H groups, estimate CH· · ·O hydrogen

bond energies to be in the range 20.5 to 21 kcal mol21

[23,25,26]. Recent molecular orbital PM3 calculations

of the electron density map, showed the R–OH· · ·O and

R–CH· · ·O interactions for the PEO/corilagin–boat

complex, to range from 0.0205 to 0.0341 e au23.

An electron density of 0.0205 e au23 for R–CH· · ·O

inter-molecular interactions between PEO and an oxygen

of the glucopyranose ring of corilagin was found [9].

A dihydrogen bond M–N· · ·H–Y was originally

reported by Lee et al. [27] in metal complexes (M ¼ metal

element) as a N–H· · ·H–B. A neutron diffraction of the

crystal H3BNH3 dimer showed the H· · ·H distance to be

short, about 1.7– 2.2 Å [28]. In the PEO/cofactor

complexes, the R–OH· · ·H and R–CH· · ·H distances

were 1.73 and 1.71 – 1.76 Å [9]. The R – CH· · ·H

interactions [9] were found to be destabilizing with

electron densities ranging from 0.0114 to 0.0130 [9].

The existence of an anti-hydrogen bond, CH· · ·p, was

suggested by theory [29] and confirmed experimentally

[30], and an OH· · ·p interaction was included in the

stabilization of a peptide–gallic acid complex [31] by

theory. Using quantum simulation methods, Benoit et al.

[32] showed the existence of a p-hydrogen bonded

structure for phenol–(H2O)n, with (n ¼ 2–5) hydrogen

bonded clusters. No entropy effects were reported. Ab

initio calculations, MP2/6–311þþG(d,p), on phenol–

water, gave a binding energy of 22.57 kcal mol21 for the

hydrogen bonded phenol–H2O [33]. An experimental

binding energy of 25.6 ^ 0.11 kcal mol21 was reported

for the gas phase p-hydrogen bonded phenol–H2O neutral

complex [34].

Hydrophobic interactions describe the association of

nonpolar groups in aqueous solution. The association does

not significantly change the enthalpy, because DH is close

to zero, and consequently the process of association of

nonpolar groups is governed by entropy [17]. Association

is always connected with a negative entropy change,

related to the ordering of molecules that surround the

hydrocarbon parts of the original conformation [17].

In agreement with experiment, the theoretical hydration

entropies are large and negative at room temperature [35].

A dominant factor in hydrophobic hydration is the

formation of a cavity of water (solvent) molecules of a size

and shape to accommodate a given solute molecule

[16,35].

In the present work, GA and 1,3,6-Tri-O-galloyl-b-D-

glucose (TGG), are studied because they are model PEO

cofactors (figure 1). GA has been theoretically [31] and

experimentally [36,37] studied, and TGG has been

previously discussed [8,9]. GA, the solute used in the

first part of the present paper, is a sub-group of the larger

TGG cofactor; GA possesses hydrophilic and hydrophobic

groups. Initially, GA·(H2O)n is used to study the effect on

solvent which causes a change in the hydration enthalpy

DH, entropy DS and free energy DG. Secondly, a larger

complex (PEO)6/TGG is used to study the effect of water
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Figure 1. Molecular structures of: (a) PEO hexamer; (b) Gallic acid (GA) [31] and (c) TGG [8].
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on the enthalpy of association between PEO/TGG, and the

conformational changes in the (PEO)6/TGG/(H2O)n
complexes.

2. Conformational analysis

2.1 The programmes

Theoretical calculations used the Gaussian [38] GW03

Revision B.02 and the GaussViewW Version 3.07. The

PM3 [39,40] semi-empirical calculations were performed

using the methods described earlier [8,9]. All the

theoretical results were obtained at 0 K; the correction to

298.15 K was made using a scaling factor of 0.9761 [41] to

give theoretical results at 298 K which are obviously more

suitable to compare with the experimental conditions in

the pulp and paper industry.

2.2 The cofactors

The methods used to build the cofactors have been

described [8]. The most stable TGG molecule has a tripod

shape, with each of the 3 galloyl groups forming one leg of

the tripod (figure 1c). These cofactors are used to study the

effect of solvent on PEO/cofactor complexes.

2.3 Solvated gallic acid

For the solute (GA) interacting with the solvent (S), the

reversible association is:

A þ S O A0�S0 ð1Þ

Equation (1) assumes that the bonds between A and S

are stronger than within A·A and S·S, and shows that,

when A (GA) and S (H2O) associate, their structures

rearrange to form a more stable complex A0·S0

(GA·(H2O)n). The solvent molecules (H2O) were posi-

tioned manually at different locations around the solute,

followed by energy minimization. For more than one

water molecule, they were clustered manually followed by

energy minimization. These calculations were repeated

many times to obtain reliable energy minima within

5 kcal mol21.

The enthalpy of hydration (DHhyd,0 K) of GA with water

was calculated at 0 K:

DHA0�S0

hyd;0 K ¼ HA0�S0

f ;0 K 2
X

HA
f ;0 K þ HS

f ;0 K

� �
ð2Þ

and then at 298 K, DGA0�S0

298 K, DHA0�S0

298 K and TDSA0�S0

298 K from the

frequency analysis [42]. Gaussian [38,42] calculates the

entropy caused by vibrational, translational, rotational and

electronic motions.

2.4 Solvated (PEO)6/TGG complex

For very flexible and asymmetrical molecules such as

PEO/TGG complexes, equation (3) is more precise in

describing the real situation when PEO and TGG are

studied in water. The solute ((PEO)6/TGG) (A00·B00) and

solvent (H2O)n (S) interact, hence:

A00�B00 þ S O A00�B00�S ð3Þ

To simplify the notation, the subscript in DHhyd and

superscript in A00·B00 and S0 will be omitted in what

follows.

The solvation of the (PEO)6/TGG complex was studied

using two different approaches [43]: (i) the (PEO)6/TGG

was surrounded by sufficient H2O molecules to give a

monolayer: this structure was then minimized by PM3;

and (ii) the (PEO)6/TGG was put into a periodic box and

molecular dynamics (MD) performed for 7.5 and 75 ps;

this structure was then minimized by molecular mechanics

(MM). The MD was performed using two sizes of periodic

box; (i) 25 £ 20 £ 30 Å3 having 459 H2O molecules and

(ii) 30.25 £ 30.25 £ 30.25 Å3 having 906 H2O mole-

cules [43]. The size of the box has to be about twice the

largest dimension (length) of the (PEO)6/TGG complex

[43]. The MD calculations were performed with the

following heating times 2 ps* and 20 ps**, running times:

3.5 ps* and 35 ps**, cooling times: 2 ps* and 20 ps**, step

size: 0.001 ps, starting temperature of 0 K, simulation

temperature of 300 K, final temperature of 0 K and

temperature step of 1 K (* and ** stands for a total MD

time of 7.5 and 75 ps, respectively [43]). After the MD

calculations, the resulting (PEO)6/TGG complex struc-

tures were used to calculated their PM3 enthalpies of

association at 0 K (DH0 K) [43].

3. Results and discussion

3.1 PEO

The heat of formation of the hexamer of PEO is

Hf,0 K ¼ 2256.71 kcal mol21 [19]. The hexamer

((PEO)6) was used to ensure that the linear length is

greater than the model cofactor size to minimize end

group effects of CH3 and OH.

3.2 Gallic acid/(H2O)n

The heat of formation Hf,0 K of GA is 2198.24 kcal mol21

(table 1). GA and H2O associate in many ways at 0 K, as

described in table 2 and figure 2. The hydration enthalpy

results at 0 K for GA with one H2O molecule, located at

the positions para ( p-OH), meta (m-OH) and at the

carboxylic (–COOH) group, are 23.97, 25.13 and

Table 1. Heats of formation of the cofactors and water (figure 1).

Cofactor Conformer Hf,0K (kcalmol21)

Gallic acid (GA) [8] 2 198.24
TGG [8] Tripod 2 670.42
Water 2 53.44*

* For non-clustered single H2O molecule.

Interactions of H2O with GA and a PEO/TGG complex 19
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25.95 kcal mol21, respectively. These results agree

qualitatively with those of Madhan et al. [31], who used

the ab initio HF/6-31G* method, to give GA·(H2O)1

binding energies of 22.16, 23.67 and 27.4 kcal mol21

for GA·p-OH·(H2O)1, GA·m-OH·(H2O)1 and GA –

COOH·(H2O)1, respectively. However, the thermoche-

mistry analysis at 298.15 K shows almost identical results

for (m-OH) and –COOH (table 2). Even though, the

theoretical hydration enthalpies in table 2 are in the range

of the experimental value, 210.78 kcal mol21, reported

by Forteza et al. [37], the thermochemistry analyses

showed that GA·(H2O)n systems do not form at room

temperature because DG $ 0. The present study like that

of Madhan et al. [31] is a model treatment. In reality,

GA will be ionised

COOH þ H2O O COO2 þ H3Oþ

at a pH of 6.8, the pH that was used in our experiments

[44] and typical of papermaking conditions. It could

Table 2. Thermochemistry of GA·(H2O)n at 0 and 298.15 K.

GA·(H2O)n system DH298 K* (kcal mol21) DH0 K (kcal mol21) TDS298K* (kcal mol21) DG298 K* (kcal mol21)

GA·p-OH·(H2O)1 2 2.26 2 3.97 2 8.87 þ 6.60
GA·m-OH·(H2O)1 2 3.43 2 5.13 2 8.40 þ 4.97
GA–COOH·(H2O)1 2 3.54 2 5.95 2 10.23 þ 6.69
†GA·(H2O)5 2 7.09 2 9.27 2 14.39 þ 7.3
†GA·(H2O)6 2 3.77 2 6.32 2 17.18 þ 13.42
GA·(H2O)7 2 5.01 2 7.81 2 15.07 þ 10.06
‡GA·(H2O)10 2 4.90 2 8.76 2 14.11 þ 9.21
GA·(H2O)40 2 8.10 2 12.57 2 22.92 þ 14.81
{GA·(H2O)43 2 8.86 2 17.36 2 38.80 þ 29.93

* Scaling factor of 0.976141. † The H2O molecules are all located around the COOH group. ‡ Seven H2O molecules associated with the COOH group and three associated with
the phenolic hydroxyl groups. { Approximately a monolayer of solvent molecules.

Figure 2. Stick diagram (left) and their corresponding overlapping spheres model for GA·(H2O)1: ( p–OH) (top), m–OH (centre) and –COOH
(bottom).
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be considered that at a pH < 2, the equilibrium would be

completely towards the COOH.

Figure 2 shows the most stable conformations obtained

for the GA·(H2O)1 systems, but at 0 K many other minima

exist with slightly less stable enthalpies of association,

within 3 kcal mol21. Figure 3 shows the most stable

conformation found for larger systems, GA·(H2O)5 and

GA·(H2O)6, in which the H2O molecules are clustered

around the COOH group. All other calculations gave

hydration energies which were much higher, and much

less stable, for the (H2O)6 clustered around the phenolic

hydroxyl groups or on both sides of the benzene ring,

agreeing with the ideas of Muller-Dethlefs and Hobza

[16]. Among the several different water hexamers, the

cage form is the most stable in the gas phase [46].

In the present paper, the most stable system was found

to be seven H2O molecules clustered around the

hydrophilic COOH group, and three on the hydroxyl

groups of GA·(H2O)10 (figure 3, bottom). Interestingly,

GA·(H2O)7 and GA·(H2O)10 show DG and TDS to be

smaller. These are both gas phase and 298 K calculations.

It now became interesting to see whether adding many

more H2O molecules would allow the entropy change DS

to be less important and make DG negative. The number of

H2O molecules was chosen to form a monolayer around

GA, which required about 43 H2O molecules (equation (4)

and figure 4). GA·(H2O)43, not considering GA

dissociation, readily hydrates at 0 K:

GA þ ðH2OÞ43 O GA�ðH2OÞ43

2198:24 þ22551:66 22767:26
ð4Þ

since the complex (Hf,0 K ¼ 22767.26 kcal mol21) is

more stable than the sum of the reactants ðSðHGA
f ;0 K þ

H
ðH2OÞ43

f ;0 K Þ ¼ 22749:90 kcal mol21Þ. From equation (4),

Figure 3. Stick diagram of GA·(H2O)5 (top left), GA·(H2O)6 (centre left) and GA·(H2O)10 (bottom left) and their corresponding overlapping spheres
model (right).
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the hydration enthalpy of GA·(H2O)43 is 217.36

kcal mol21 at 0 K.

Remember that numerous conformations exist for each

of these systems, within about 5 kcal mol21; nevertheless

those shown in figures 2–4 are the global minima for these

systems.

The position of the H2O molecules around the

hydrophilic and hydrophobic part of GA in figure 4 is

interesting. The H2O molecules form a sphere around the

hydrophobic part without any direct contact. However, the

H2O molecules around the hydrophilic part are closer to

the solute and more regularly oriented. This correlates

well with results of Malardier et al. [16] obtained for the

water conformation around styrene–maleic anhydride,

where the hydrophilic interactions were found to be direct

and long range, while the hydrophobic interactions were

found to be indirect and short range.

Increasing the hydration number (nh) increases the free

energy (DG298 K), the hydration enthalpy (DH298 K) and

entropy (TDS298 K) on an absolute scale (table 2) and the

change in enthalpy of hydration (figure 5). The

interpretation of figure 5 is interesting because when

nh # 10, the hydration enthalpy must be a function of the

hydrophilic interactions between H2O and COOH or OH

(figures 2 and 3), whereas, from nh ¼ 40 to 43, it must be a

function of both hydrophilic and hydrophobic interactions

(figure 4). Theoretically, the slope reflecting the hydro-

philic interactions must be steeper than that for the

hydrophobic, and the combined interactions. However,

there is another parameter involved when nh is larger than

one; it is the binding energy within the solvent S·S, which

contributes to lower the change in enthalpy. The binding

energy increases from nh ¼ 1 until bulk water is reached,

when the relative total energy per mole of H2O molecules

becomes constant.

Figure 6 shows that a change in the enthalpy of

hydration DHh is accompanied by a change in entropy of

hydration DSh. As the number of H2O molecules

increases, the slope of DHh against DSh tends to plateau

out towards n ¼ 40 and 43. This correlates with the results

obtained when two molecules associate and change their

conformation to form the most stable complex [47–49].

From a thermodynamic study of GA and water, the

dissociation constant of GA at 258C was calculated to be

(3.7 ^ 0.1) £ 1025 [50]; the speed of sound and the

density were used to yield a hydration number of <6 for

Figure 4. Top view and side view of the first shell of 43 water molecules around gallic acid (GA·(H2O)43).
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the hydration shell [50]. The hydration number was

constant from 0.01 to 0.055 M aqueous solutions of GA

[50]. This is different from our calculation which shows

that it takes about 43 H2O molecules to form a monolayer

around GA (figure 4). It is difficult to conceive of a

hydration shell for GA containing only 6 H2O molecules.

Martinez et al. [50] reported that “these low values for the

hydration number may be explained by the weak

hydrophobic character and the small size of GA”. The

present calculations suggest that this is an incorrect

interpretation; the 6 H2O molecules observed by them

must be the ones associated with the hydrophilic part of

GA (figure 3, centre), whereas H2O molecules near the

hydrophobic part of GA are not detected.

3.3 (PEO)6 /TGG: Gas phase

The TGG-tripod conformer [8] was used for the

calculations, and for simplicity, it will be called simply

TGG. Equation (5) shows that (PEO)6/TGG readily

complexes at 0 K, (figure 7, left):

ðPEOÞ6 þ TGG O ðPEOÞ6=TGG

2256:71 þ2670:42 2944:49
ð5Þ

because the complex (DHf,0 K ¼ 2944.49 kcal mol21) is

more stable than the sum of the reactants ðSðH
ðPEOÞ6
f ;0 K þ

HTGG
f ;0 KÞ ¼ 2927:13 kcal mol21Þ. The enthalpy of associ-

ation (DH0 K), in the gas phase is, therefore, 217.36

kcal mol21.

3.4 TGG/(PEO)6/(H2O)n: Solvated

When H2O molecules are either surrounding the

TGG/(PEO)6 or the complex is put in a water continuum

in a periodic box, then as equation (6) shows (PEO)6 /

TGG/(H2O)122 will not form (figure 7):

ðPEOÞ6þTGGþðH2OÞ122 OðPEOÞ6=TGG=ðH2OÞ122

2256:71þ2670:42þ27328:64 28174:92

ð6Þ

because the total enthalpy of the system at 0 K

(DHf,0 K ¼ 28174.92 kcal mol21), is less stable than the

sum of the reactants SðH
ðPEOÞ6
f ;0K þHTGG

f ;0KþH
ðH2OÞ122

f ;0K Þ¼

28255:77kcalmol21 and consequently DH0 K is

þ80.85 kcal mol21. These results show that the complex

is thermodynamically unstable.

However, because there is a possibility that a MO

calculation is perhaps not adequate, this complex was

further studied using MD followed by MM geometry

optimization. This shows the effect of water on the

(PEO)6/TGG conformation and the energy balance of this

system was determined (figure 8 and tables 3, 4).

MD simulations show that the (PEO)6/TGG complex

separates as the MD calculation time increases in the

heating stage. In other words, it will not form in aqueous

solution, which agrees with the MO calculations and

which also agrees with the experimental results obtained

with PEO and corilagin, a very similar cofactor [43–45].

Table 3 shows that the dynamic simulation time should

ideally have been extended further, since the system

became more stable, with a lower energy, going from 7.5

to 75 ps ( ø 5 weeks of calculation time). Consequently,

the optimum MD time is unknown; nevertheless the trend

shows clearly that (PEO)6 and TGG are separating from

each other and their conformations are less stable

(figure 8). Moreover, the smallest distance left after

75 ps between PEO–CH· · ·H–TGG is 2.61 Å (figure 8,

bottom right). Garcia and Stiller [51] reported that the

mean residence time (MRT) of H2O molecules in the first

hydration shell of atoms, or groups, range from a few

picoseconds for polar and non-polar groups to over 50 ps

for charged groups of biomolecules. They [51] also

reported that the average lifetime of a hydrogen bond in

proteins is around 2 ps. They generalized their results

Figure 7. Gas phase (PEO)6/TGG complex (left) and solvated (PEO)6/TGG/(H2O)122 system (right) showing the effect of solvent on (PEO)6/TGG
conformation.
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by ranking the MRT in the order: tcharged . tpolar .

tnonpolar < tbulk – water [51]. Impey et al. [52] reported a

residence time t S
ion of 4.8 ps for potassium (Kþ) at 274 K,

where t S
ion is the characteristic time over which the H2O

molecules in the first coordination shell exchange identity

with molecules in the bulk, and hence for any correlation,

between the ion and any particular water molecule, to be

lost. This emphasizes that our MD calculations are valid

and extending the time would have resulted in a

confirmation in the obvious trend.

Table 4 shows the enthalpy balance for the gas phase

(PEO)6/TGG and solvated complexes, but excludes the

enthalpy contribution from water. This approach selec-

tively points to the effect of solvent on the solute

conformation and the enthalpy of association.

Interestingly, for PM3 calculations the enthalpy of

formation for solvated (PEO)6, 2258.95 kcal mol21, is

more stable than the gas phase enthalpy of formation of

(PEO)6, 2256.71 kcal mol21 (table 4). This is because

(PEO)6 has an intermediate structure between crystalline

[53], with the ether oxygens inside the helical molecule,

and a more stable conformer with the oxygens outside

(figure 9). This structure is probably favoured in aqueous

solution because the H2O molecules can more easily

hydrogen bond with the PEO ether oxygens. This

conformation is probably the reason why PEO is soluble

in water, whereas poly(methylene oxide) and poly(propyl-

ene oxide) are not. However, TGG is destabilized by the

solvent which decreases the enthalpy of association

(DH0 K) from 217.36 to 26.91 kcal mol21 (table 4).

Figure 8. Solvated (PEO)6/TGG/(H2O)906 system showing the effect of solvent on (PEO)6/TGG conformation after molecular dynamics (MD)
simulations of 7.5 ps (top) and 75 ps (bottom) followed by molecular mechanics (MM). The figures on the right show the (PEO)6 and TGG conformation
after the MD–MM calculations.

Table 3. Total energy of (PEO)6/TGG/(H2O)n system as a function MD
calculation time.

System
Total energy (kcalmol21)

MD–MM* MD ¼ 7.5 ps MD ¼ 75 ps Difference

(PEO)6/TGG/(H2O)459 2 1251.5 2 1328.08 2 76.58
(PEO)6/TGG/(H2O)906 2 2635.11 2 2737.08 2 101.97

* MD–MM: Molecular dynamics (MD) followed by molecular mechanics (MM).
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The MD calculations drastically changed the confor-

mation of (PEO)6 and TGG (figure 8), and consequently

decreased further the enthalpy of association (table 4).

Even though the energy balance was only performed at

0 K, for computational time constraints, by analogy to

previous results [9], it can be concluded that (PEO)6/TGG

will not associate at room temperature because DG $ 0.

3.5 Effect of the number of H2O molecules on the
relative total energy per mole of H2O molecules

Figure 10, which was constructed using the results of the

PM3 semiempirical method, shows that the relative total

energy per mole of H2O molecules changes as a function

of the number of H2O molecules, and therefore, differs

from one system to another (GA·(H2O)n). The trend shown

is consistent with the results of Upadhyay et al. [46],

obtained with ab initio calculations, who observed the

onset of a plateau at about 10 H2O molecules.

The relative total energy per mole of water becomes

more negative as the number of H2O molecules increases,

showing that hydrogen bonding between the H2O makes

the total H2O system more stable. This observation is

critical when analysing systems with different numbers of

H2O molecules. To perform an energy balance, for H2O

molecules which are clustered, the relative total energy of

H2O in the cluster must be recalculated for each H2O

system, otherwise a significant error will occur. For

example, when comparing two systems having 40 and 70

H2O molecules, where the relative total energy per mole of

molecules is 259.07 and 260.07 kcal mol21, respectively

(figure 10), ignoring the change in energy of each H2O in

each cluster, would give an error of 230 kcal mol21.

Figure 10 shows a distinct change in the rate of change of

the relative energy per H2O at 10 H2O molecules; after this

a slower varying plateau is observed to and beyond 120

H2O molecules.

Bondebey et al. [54] using (FT-ICR) mass spectrometry

and B3LYP describe a variety of reactions and processes

in clusters of up to 100 H2O molecules and found they

behaved like bulk H2O solutions. However, Bondebey

et al. [54] concluded that the bulk behaviour of H2O is

regularly exhibited by clusters containing on the order of

10 H2O molecules, in agreement with the present PM3

results, and those of Stace [55] from gas phase

thermochemistry.

4. Conclusions

The results of the PM3 calculations on the interactions of

water with GA show that the H2O molecules form a sphere

around the hydrophobic part of GA, without any direct

contact. The H2O molecules around the hydrophilic part

are closer to the solute (GA) and form strong directional

bonds. The total number of H2O molecules to cover both

the hydrophobic and hydrophilic regions of GA is about

43, forming a monolayer around GA. The hydrophilic

COOH region of GA has 5 H2O molecules associated with

it. This can be compared to the calculations of water

clusters by Upadhyay et al. which gave the most stable

cluster as six H2O in a cage structure. In our work, one

Table 4. Enthalpy balance for gas phase and solvated PEO/TGG systems at 0 K.

(PEO)6 TGG (PEO)6/TGG DH0K

Computing method DHf,0K (kcal/mol) DHf,0K (kcal/mol) DHf,0K (kcal/mol) (kcal/mol)

PM3 (gas phase) 2 256.71 2 670.42 2 944.49 2 17.36
PM3 (solvated)* 2 258.95 2 657.98 2 923.74 2 6.91
MD7.5psMM† 2 238.70 2 573.06 2 818.13 2 6.37
MD75psMM† 2 236.85 2 579.50 2 817.23 2 0.88

* (H2O)122. † (H2O)906.

Figure 9. Molecular conformation of poly(ethylene oxide) (PEO18)
with the ether oxygens outside.
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Figure 10. Relative total energy per mole of water molecules at 0 K as a
function of the number of H2O molecules.
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of the H2O molecules is replaced by the COOH group of

GA. A hydration number of <6 was found for the

hydration shell of GA by Martinez et al. It is possible that

their experimental methods only consider the molecules

associated with the hydrophilic groups.

The present PM3, MM and MD calculations show that

(PEO)6/TGG complexes will not form in aqueous

solution, which agrees with the experimental results in

pure water in the absence of salt obtained with PEO and

corilagin, a very similar cofactor. It is possible that a

(PEO)6 conformer, with the oxygens outside, is favoured

in aqueous solution, because the H2O molecules can more

easily hydrogen bond with the PEO ether oxygen’s.

A distinct change in the rate of change of the relative

total energy per H2O occurs at 10 H2O molecules: beyond

10 H2O molecules a slow varying plateau is observed to

and beyond 120 H2O molecules. This information is

critical when calculating the enthalpy of association of a

solvated molecular complex.
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